Microbial biosignature assemblages captured within mineral substrates experience extreme pressures (P) and temperatures (T) during rock burial and metamorphism. We subjected natural microbial biofilms hosted within thermal spring carbonate to six high pressure, high temperature (HPHT) conditions spanning 500 and 800 MPa and 200 to 550 °C, to investigate the initial petrographic transformation of organic and inorganic phases. We find biogenic and amorphous silica mineralises increasingly mature organic matter (OM) as temperature and pressure increase, with OM expelled from recrystallised calcite at the highest HPHT, captured within a quartz phase. Sulfur globules associated with microbial filaments persist across all HPHT conditions in association with microbially-derived kerogen. These data demonstrate how microbial material captured within chemically-precipitated sediments petrographically evolves in high grade rocks during their first stages of transformation.
Introduction
Our knowledge of microbiological evolution is informed by organic, morphological, and geochemical biosignatures preserved within a rock record that is destroyed or modified over geological time (Westall, 2008) . Chemically-precipitated sediments, particularly carbonate and silica, host microfossils spanning much of Earth history, including in association with early evidence for microbial life on Earth (Moreau and Sharp, 2004; Westall, 2008; Wacey et al., 2011; Djokic et al., 2017) . The petrographic relationships between microbially-derived kerogen and the inorganic matrix are important in establishing microfossil biogenicity (Brasier et al., 2005; Wacey et al., 2011; Foucher and Westall, 2013) , in addition to understanding broader interations of microbe-mineral systems back into the early Archean (Westall et al., 2015) .
Significant experimental effort has furthered our understanding of microbial biomineralisation (Westall et al., 1995; Orange et al., 2012 Orange et al., , 2014 Li et al., 2013a and references therein; Gaboyer et al., 2017) . High pressure, high temperature (HPHT) experiments are now shedding light on microfossil taphonomy during geological sequestration, with a focus on thermal degradation of biogenic minerals (Li et al., 2013b) and biomineralised cells (Li et al., 2014) . Experiments have demonstrated the persistence of microbiological structures such as iron oxide organominerals up to 250 °C and 140 MPa (Picard et al., 2015a) , and the preservation of lipids and polysaccharides within Fe-encrusted microbial cells at the same PT conditions (Picard et al., 2015b) . Recently, Alleon et al. (2016) showed that microbial entombment within silica limited the degradation of molecular biosignatures exposed to 25 MPa and 250 °C for 100 days.
As improving analytical techniques expand biosignature studies into increasingly metamorphosed terrains (Bernard et al., 2007 (Bernard et al., , 2010 Galvez et al., 2012; Papineau et al., 2019) , there is a need to understand the influence of higher PT regimes (Li et al., 2013a) . We present an experimental investigation into the effects of HPHT on carbonate-hosted microbial biofilms from a natural thermal spring environment. We trace the first stages of petrographic evolution of geochemical and morphological sample components in response to 500 and 800 MPa and temperatures spanning 200 to 550 °C, significantly expanding the PT space previously investigated ( Fig. 1a ).
Sample Material
Porous carbonate precipitates containing green, orange, and grey chasmolithic microbial communities ( Fig. 1c ) were collected from a CO 2 thermal spring (Jotun Spring; Banks et al., 1998) in Spitzbergen, Svalbard, during the Arctic Mars Analog Svalbard Expeditions from 2006 -2011 (Starke et al., 2013 . An air dried sample was subsampled into multiple ~2 mm 3 fragments for six HPHT experiments. Four additional fragments of this starting material were subjected to the same preparation and analytical techniques. Methods are described in the Supplementary Information.
Results
Visible light microscopy of polished HPHT samples reveal dark carbonised organic matter (OM) forming a compositional fabric within the calcite matrix, absent in the starting material ( Fig. S-1a Raman spectra of experimental sample surfaces exhibit peaks for carbonate (1100 cm -1 ), and D1 (1360 cm -1 ) and G (1610 cm -1 ) carbon bands (Fig. 2; Pimenta et al., 2007) . An additional quartz band at 465 cm -1 is observed for the three highest temperature samples (425, 500, and 550 °C), irrespective of pressure. Secondary electron imaging shows OM transitioning from amorphous biogenic material with cellular structures in the starting material to increasingly crystalline structures as PT increases (Fig. 2 ). This is reflected in the changing carbon G-band centre and width, whereby temperatures of 350 °C and above produce a sharpened (more crystalline) G-band, and the increase in temperature from 200 to 550 °C also produces a peak centre shift to longer wavenumbers ( Fig. S-2 ). Across all HPHT conditions OM maintains its original petrographic texture, either within a biofilm structure ( Fig. 1c ), or bound within diatom frustules ( Fig. 1) .
Raman spectroscopy and SEM+EDS elemental mapping of experimental sample surfaces show kerogenous material (D1 and G Raman bands) remains spatially-concurrent with the siliceous phase ( Fig. 3) . At the lowest PT condition (500 MPa, 200 °C), petrographic textures are largely indistinguishable from those in the starting material. At 800 MPa, 425 °C ( Fig. 3d ) these phases form compositional fabrics, where the organic-rich phase exists within silicified or quartz-rich fabrics, which also have elevated Fe (Fig. 4h,i) . With increasing PT, the silica-organic phase becomes partitioned from the recrystallising calcite, eventually forming discrete petrographic end members at 800 MPa and 550 °C, whereby kerogen either forms an organic carbonaceous film around quartz crystals (Fig. 3e) or is captured within the quartz itself (Fig. 3f) . Water degassing is observed in the carbonate matrix for samples treated at 500 MPa, 350 °C; 500 MPa, 500 °C and 800 MPa, 425 °C ( Fig. S-4b ,c,e), and extensive fracturing ( Fig. S-4b,c,d) is observed at 500 MPa (350 °C and 500 °C) and 800 MPa (300 °C).
Finally, discrete clusters of sulfur globules 1 -3 μm in size are observed within the starting material (Fig. 4a,b) . These globules persist through all thermal conditions at 800 MPa, and at 500 MPa, 500 °C, remaining petrographically associated with the siliceous kerogen-bearing phase (Fig. 4a-g) . At the highest PT condition (800 MPa, 550 °C), globules become irregular structures (Fig. 4f) . Fe co-occurs within the Si phase (Schiffbauer et al., 2012; Li et al., 2013b Li et al., , 2014 Picard et al., 2015a,b; Alleon et al., 2016 Alleon et al., , 2017 Miot et al., 2017) . (b) Si-rich microbial filamentous material and coccoidal cell structures are observed under SEM in the the starting material, shown in (c) by a view ~ 1 cm across; forming Si-rich biofilms around calcite grains ( Fig. S-1a,b ).
for all samples, including in association with the S globules (Fig. 4h ). Despite being a strong Raman scatterer, elemental sulfur was not detected by Raman spectroscopy (Fig. 2) .
Discussion
Within the bounds of a closed system, mm-to micron-scale elemental (Si, S, Fe) biosignatures and microbially-derived kerogen maintain their petrographic relationship throughout initial exposure to HPHT (Fig. S-1c) . In situ silicification of biomass occurs without petrographic disruption to the captured OM. With increasing PT, the organic-rich amorphous siliceous phase crystallises into α-quartz, and the originally porous calcite anneals into a crystalline matrix at 800 MPa, 550 °C, expelling siliceous OM-bearing material. Extensive fracturing of the carbonate matrix observed at 800 MPa, 300 °C may be detrimental to preservation of biosignatures in comparison to an annealed calcite matrix, as the fractures would provide pathways for altering fluids. Disintegration of diatom frustules may be an additional source of Si as PT conditions increase.
Displacement of kerogen during diagenetic coarsening of quartz has been identified as a mechanism to explain petrographic relationships in the microfossil-bearing Gunflint chert (Moreau and Sharp, 2004; Foucher and Westall, 2013) . This has implications for the longevity of biosignatures, whereby the quartz fraction resists weathering or secondary aqueous alteration, protecting captured OM (Toporski et al., 2002) . The preservation of OM within silicious material is consistent with Alleon et al. (2016) , who demonstrated the role of silica in limiting thermally-induced molecular degradation of OM in experimental samples. The transformation of Fe minerals to more stable, crystalline phases has also been shown to be conducive to the preservation of organic components (Ferris Figure 2 Evolution of D1 (~1360 cm -1 ) and G (~1610 cm -1 ) Raman peaks from experimental samples, and the increasing 467 cm -1 quartz peak at 425, 500, and 550 °C (box inset); and corresponding SEM images showing the textural evolution of OM mineralisation within the carbonate (CaCO 3 ) matrix and siliceous (Si) phases Individual cells in the amorphous organic matrix can be seen in the starting material (arrows). Unprocessed Raman spectra are given in Figure S -3. Geochemical Perspectives Letters Letter et al., 1988; Picard et al., 2015a) . Finally, the sulfur globules observed in the starting material and experimental samples are consistent in size and shape to intracellular sulfur globules found within filamentous sulfide oxidising bacteria (Dahl and Prange, 2006) . Their preservation at the highest HPHT condition holds promise for establishing the biogenicity of similar features in filmentous microfossils (Wacey et al., 2011; Bailey et al., 2013) and distinguishing them from abiotic S microstructures (Cosmidis and Templeton, 2016) .
While the OM Raman spectra are relatively close to those observed in the Gunflint and Draken formation (Foucher et al., 2015) , such experiments are inheritently limited by their short duration. Even with the addition of P, Raman D1 and G bands of experiment sample OM are broader than those from metasediments of equivalent metamorphic grade (Beyssac et al., 2002) , indicating they are less mature. This limitation was also observed by Li et al. (2014) for experiments at similar temperatures (300 ºC, 600 ºC) in the absence of pressure.
Conclusions
This study presents an experimental investigation into the first stages of HPHT evolution of microbial biosignatures within a natural siliceous-carbonate matrix. While thermal maturation of OM is well understood (Vandenbroucke and 
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Largeau, 2007), we show that the early effects of temperature and pressure play an important role in the petrographic redistribution and capture of OM due to the transformation of the low temperature silica and carbonate phases. We demonstrate that exposure up to 800 MPa and 550 °C does not disrupt the petrographic relationship of captured microbial material with its inorganic host phase during the first stages of metamorphism. Future experimental work should address open system effects, including the influence of fluids on the modification of sample components, and longer duration experiments.
